Data from six experiments (two with dry cows) were used to predict partitioning of gross energy to C Q in Holstein cows using selected independent variables, some of which were intercorrelated, and a stepwise backward elimination regression procedure. Methane outputs ranged from 3.1 to 8.3% (mean 5.5) of gross energy intake for 134 dry cow balance trials and from 1.7 to 14.9% (mean 5.2) of gross energy intake for 358 lactating cow energy balance trials. This is equivalent to 176 and 300 g/d or 245 and 419 U d of C b for dry and lactating Holstein cows, respectively. Digestibilities of hemicellulose and neutral detergent solubles were positive predictors, and cellulose digestibility was a negative predictor of CH4 output in dry cows fed all forage diets, but hemicellulose digestibility was not a significant variable for predicting CH4 production by lactating cows fed diets with concentrate and forages. Fiber digestibility generally remained in models to predict CH4 output. Except for one data set, regression equations accounted for 50 to 72% of the variation in percentage of gross energy partitioned to CH4 by Holstein cows. Results confirm that increased concentrate feeding reduces C b production. Supplementation of lactation diets with fat generally increases fat digestibility, and this trait was associated with reduced CH4 output. Results enable 1) estimation of CH4 output for calculation of metabolizable energy and 2) computation of the contribution from dairy cows to global warming.
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INTRODUCTION
The issue of global warming by CO, C02, and CH4 is of increasing concern to the general public. Dairy cattle contribute, albeit in a small way, to global CH4 production. Byers (2) reviewed the relationship between livestock and global warming caused by fossil greenhouse gases (CO, C02) and the trace gas, CH4. Rice paddies, wetlands, biomass burning, oil and gas exploration and transmission, landfills, and coal mines account for 77% of world CH4 production (2); dairy cattle in the US contribute .2%, ranking below termites. Nevertheless, the issue of dairy C b output is important because of the potentially adverse media publicity generated by those who are concerned about global warming and unexpectedly learn that cows produce CH4.
Blaxter and Clapperton (1) reported that conversion of gross energy (GE) to CH4 in sheep and cattle (n = 2500) was related to digestibility of dietary energy. When ruminants were fed forage diets at maintenance intake, the percentage of GE converted to CH4 increased .047 units per unit of increase in percentage of digestible dietary energy; the corresponding coefficient was .074 for mixed forage-concentrate diets. However, at three times maintenance, the coefficient was negative. Thus, CH4 production decreased with increasing energy intake. Moe and Tyrrell (9) found that daily CH4 output of dairy cows (n = 404) could be predicted (r2 = .74) from the digested cellulose (.64), hemicellulose (.24), and soluble carbohydrate residue (.12) fractions in the proportions indicated, but not from intake of CP, fat, or lignin. Thus, digestible cellulose was five times (.64:.12, wt/wt), and hemicellulose two times, more strongly related to CH4 production than was soluble residue carbohydrate. They (9) noted that effect of carbohydrate fractions was less marked at lower levels of feed intake. Orskov et al. (10) concluded that increased ruminal propionic acid decreases CH4 production. The objective of this study was to examine the predictability of conversion of consumed GE to C b energy in dry cows fed all forage diets and in lactating cows from 6 to 26 wk of lactation fed ad libitum amounts of mixed forage-concentrate diets.
MATERIALS AND METHODS
Energy partition balance data were summarized, by experiment, from two trials (3, 4) with dry Holstein cows and four trials (5, 6, 7, 8) with lactating Holstein cows. In one experiment (3), dry cows (n = 60) were fed for ad libitum intake single forages, including ureatreated corn silage and haycrops (alfalfa, clover, or grass) as wilted silages or field-cured hays ( Table 1) . Each forage category consisted of early and late maturity cuttings. In another experiment [(4); Table 21 , dry cows (n = 74)
were fed varying levels of corn silage plus wilted grass silage DM (.63:.37). Lactating cows (n = 102) in a trial conducted by Janicki et al. (8) received ad libitum amounts of mixed silages, as in the study by Holter et al. (4), plus grain containing variable CP and CP solubility; balances were measured during wk 6, 10, and 14 postpartum ( Table 3) . Data from an earlier experiment (7) were selected because of the unusually high CH4 output in that trial; cows (n = 59) were fed for ad libitum intake the mixed silage as described (4) plus grain, and diet components were fed blended or separately (Table 4) . Measurements were made from 43 to 183 DIM. In a study by Holter et al. (5), forage as described (4) was fed for ad libitum intake, and concentrate consisted of control alone or with whole cottonseed at 15% of DMI or cottonseed plus Megalac@ (Church and Dwight Co., Inc., Princeton, NJ) at .45 kg/ d (Table 5 ). Diets were balanced individually for each cow (n = 107) on a weekly basis (unusual), and data were collected during wk 7 and 16 postpartum. Balances in another study (6) were during wk 6, 10, and 14 postpartum, and cows (n = 90) varied in body condition score at calving and received, for ad libitum intake, forage as described (4) plus concentrate ( Table 6) .
Methodology for all energy balances was described previously (3,4, 5, 6, 7, 8) , and each consisted of 5 or 6 d of intake and total excreta measurements and two 11-h heat and CH4 production measurements. Methane expelled from fermentation in the digestive tract was analyzed using an infiared model 215A gas analyzer (Beckman Instruments, Inc., Fullerton, CA); CH4 was assumed to contain .7167 gram-atomslL and 13.344 kcal of combustible energylg. For purposes of converting kilocalories of CH4 per 100 kcal of GE to volume or weight of C b , dietary DMI was considered to contain 4.3 kcal of GWg or to contain 4.4 kcal of GElg when the diet contains supplemental fat.
For three data sets (4, 7, 8), ADF only was available, and, for three data sets (3, 5,6), both ADF and NDF were used. Hemicellulose in forages and feces in one dry cow study (3) was computed as NDF minus ADF, and cellulose was estimated as ADF minus acid detergent lignin (72% sulfuric acid lignin without the use of asbestos). Neutral detergent solubles (NDS) was computed as 100 minus NDF percentage.
Hemicellulose digestibility was computed in one lactating cow study (6).
Statistical analysis was performed using SAS (11) . Regression analysis of the dependent variable, CH4 production, against each potential predictor was determined to test for curvilinear relationships. In the absence of curvilinear relationships (all cases), independent variables then were analyzed by multiple regression, and nonsignificant (P > .lo) variables were eliminated from the model by the stepwise backward elimination procedure (1 1).
RESULTS AND DISCUSSION
Dry cow data (3) are described in Table 1 . Table 1 also contains prediction Equation [la] , which excludes digestibilities of NDS, hemicellulose, and cellulose. Four independent variables accounted for 50% of the variation in CH4 output. Conversion of GE to CH4 declined with increasing BW and CP and ADF contents of the diet but increased as digestibility of NDF increased. Digestible energy content of dietary DM was related positively to CH4 output (r = .45), as noted also by Blaxter and Clapperton (1); it was not a significant predictor of C H 4 production (Equation [la] ) as was the dietary CP content with which it was correlated (r = .41, untabulated). The negative relationship between dietary ADF percentage and C H 4 production from GE (r = -SO) suggests that the negative effect of lignin was larger than the potentially digestible cellulose effect. This idea is supported by the fact that ADF digestibility was the first variable to be deleted, but NDF (containing hemicellulose) digestibility remained in the prediction model (P = .056). We substituted the minimum and the maximum values for a predictor ( Table 2) into Equation [la] , held all others constant at their means, and evaluated the effect on the dependent variable. Over the ranges of the significant predictors in this data set (not simply comparing regression coefficients), dietary ADF had twice as much impact as BW and dietary CP, and three times as much impact as NDF digestibility, on C H 4 output. In order to examine further which carbohydrate fraction or fractions might be related to C H 4 production, digestibilities of NDS, cellulose, and hemicellulose were added to the variables submitted for analysis (Table 1 , Equation [ 1 b]). These additional vkables were available in this (3) data base (not in others); we were curious to know whether they would be significant predictors of C H 4 production because Moe and Tyrrell (9) found that CH4 energy production could be predicted (R2 = .74) from intakes of digested soluble residue, cellulose, and hemicellulose. , and all three added variables remained in the final model. Both ADF content of the diet and its digestibility were negative predictors. Digestibilities of hemicellulose, C P , and NDS were related positively to C& output, but the coefficient for cellulose digestibility and for digestibility of ADF, which contains cellulose, was negative. Over the ranges of predictors used in Equation [lb] , digestibilities of CP and ADF, especially the latter, exerted the most effect, and digestibility of cellulose exerted the least effect on CH4 output. This disagrees with the report by Moe and Tyrrell (9) and suggests, but does not prove, that it is digestion of hemicellulose and NDS, including CP, but not cellulose digestion or ADF content of the diet, that leads to C H 4 production in dry cows fed forage diets.
Another experiment ( was positive (r = SO) between BW and DMI.
Digestible energy density apparently replaced CP content of the diet as an indicator of forage quality, and, surprisingly, the coefficient for ADF digestibility had the same sign as that for NDF digestibility in Equation [la] . Dietary ADF content had similar coefficients in both equations. Digestible energy and ADF contents of the diet exerted the most influence on C& output over the ranges of significant independent variables. It is noteworthy that, as DMI and digestible energy content of DM increased, less GE was partitioned to CH4 as reported (1) Lactating cow data (Table 3) quate range of predictors for regression analysis, but NDF was not measured. Milk yield and proportion of grain in the diet were related inversely to CH4, and percentage of GE, total and forage ADF contents of .the diet, and ADF digestibility were related positively to CH4. Only 50% of the variability in C& output was accounted for by six predictors in Equation [3] . Methane production declined with increasing milk yield, level of grain fed, forage ADF content of the diet, and DM digestibility; however, CH4 production was related positively to ADF digestibility with a coefficient similar to that in Equation [2] . Digestibilities of ADF and NDF were correlated (r = .97, .89, and .86) for data from three trials (3, 5, 6), respectively; consequently, when NDF digestibility was not available (as it was in Equation [la]), ADF digestibility remained in the model (Equation  [3] ). Digestible energy density of the diet was a positive predictor of CH4 output, but, in this data set, it had the lowest significant impact on CH4 production; the positive coefficient for this variable is difficult to explain based on the work of Blaxter and Clapperton (1 work reported by Blaxter and Clapperton (1) . Intake of DM may have dropped from the equation because of its correlation (r = .51) with milk yield. Body weight did not remain in the model as it did for dry cows. Over the ranges of significant prediction variables in Equation [3] , proportions of dietary DM contributed by concentrate and by forage ADF (which are highly correlated, r = -.96) exerted the most influence over partitioning of ingested energy to CH4. This observation is consistent with the hypothesis, based on Equation [lb] , that forage cellulose is not a very important source of C&. Both concentrate content of the diet and DM digestibility, which are closely correlated with digestible energy content (r = .89, untabulated), were negative predictors of CH4 output. Concentrate generally is considered to be a primary source of ruminal propionic acid, which Orskov et al. (10) found was related negatively to CH4 production. Most ruminant H2 is used in the formation of propionate and butyrate from pyruvate and in C02 reduction to CH4 (12), which might be assumed to be a competitive proposition. However, this does not explain the positive coefficient for digestible energy content of the diet, which was not correlated significantly with methane (r = -.03).
Another data set (Table 4) from Holter et al. (7) with lactating cows fed similar diets was selected because of above average CH4 outputs. Unfortunately, NDF traits were not available. Milk yield and DMI were correlated with each other (r = .86), and each was correlated negatively with CH4 output, but DMI by cows fed this mixed grain-forage diet remained in the model as a negative predictor of CH4. Methane production from GE was predicted (Equation [4] ) from three variables with R2 = .60. In contrast to Equation [3] , milk yield, DM digestibility, ADF from forage as a percentage of dietary DM, and contents of concentrate and digestible energy in the diet were removed and were not significant predictors of CH4 output. Furthermore, DMI was not significantly related (r = -.19, P = .15) to proportion of concentrate in dietary DM. As suggested, the positive coefficient for ADF digestibility may be related to its correlation with NDF digestibility rather than providing evidence that cellulose digestion contributes to C H 4 formation in a major way. Evidence for this hypothesis is that when (Equation [la] ) digestibilities and dietary concentrations of both ADF and NDF were submitted for prediction of C& output, ADF digestibility was the first variable removed, and NDF digestibility remained in the model as a significant positive predictor. Moreover, the ADF concentration in the diet was a negative predictor of CH4, and dietary NDF content was not. This may imply that digestible hemicellulose rather than digestible cellulose contributed to C€Q formation. This hypothesis was strengthened by the observations in Equation [lb] , which indicates that digestibility of hemicellulose was a positive predictor and that digestibility of cellulose was a negative predictor of C H 4 output. Only when NDF digestibility was not available as an independent variable (Equations [2] , [3] , and [4]) did ADF digestibility become a positive predictor of C H 4 output.
A fifth data set ( Table 5 ) was from an experiment (5) in which fat sources were supplemented to a normal diet of corn and wilted grass silages plus mixed concentrate. Percent- with lactating cows, but it also was correlated (r = .58) with the proportion of concentrate in the diet, which was a negative predic- TABLE 6 . Variables used to predict CH4 output' of Holstein cows (n = 90) having body condition scores of 3.7 to 8.7/9 at calving and fed corn and wilted grass silages (63:37 DM) for ad libitum intake plus grain during wk 6, 10, and 14 postpartum. 5 ] ) , in the absence of the variable, ADF digestibility, had a positive regression coefficient, suggesting a contribution of dietary cellulose to CH4 output; this observation provides evidence, for lactating cows, against the hypothesis that the hemicellulose fraction of fiber is associated with CH4 output. Digestibility of ADF was a positive predictor of CH4 output in all other data sets for lactating cows. The NDF content of dietary DM and its digestibility were removed early from the model, and forage ADF content in dietary DM was a stronger predictor of CH4 output than ADF content of the diet or its digestibility. This implicates forage cellulose as the fiber component that leads to CI& production in lactating cow rations composed of both concentrate and forages and agrees with the findings of Moe and Tyrrell (9) . Although DM digestibility was not correlated with CH4 output ( P = .68), its positive regression coefficient may reflect its relationship (r = .77) with digestible energy content of DM, which also was a positive predictor of C& output in Equation [3] . Forage NDF content of the diet and ADF and NDF digestibilities were removed early from the model; ADF digestibility in all other equations for lactating cows was a significant, positive predictor of CH4 output; the assumption is that this effect resulted from inclusion of dietary fat content in the model, a variable that was correlated (r = -SO) with fiber digestibility. Nevertheless, Equation [5] accounted for 72% of the variability in CH4 expressed as percentage of consumed GE. In a final data set (Table 6 ), lactating cows in early lactation were fed for ad libitum intake a mixture of corn and grass silages plus mixed concentrate (6) , and they differed in body condition score at calving. Percentage of GE partitioned to CH4 was correlated positively with milk fat test; total and forage ADF and NDF in dietary DM; and digestibilities of ADF, NDF, and hemicellulose. It was correlated negatively with milk yield; contents of concentrate and CP in dietary DM; and the digestibilities of CP, DM, and fat. Seven independent variables accounted for 66% of the variation in CH4 output (Equation [6] [5] , was correlated negatively with C&:GE but was a positive predictor of it. Forage ADF concentration in dietary DM, as in Equation [5] , and dietary ADF digestibility, as in Equations [3] and [4] with lactating cows, were positive predictors of CH4 output. Both these variables are associated with increased acetate:propionate ratio, thereby enhancing the availability of hydrogen ions for CH4 formation (12) . Contribution of total or forage NDF to dietary DM and digestibilities of NDF and hemicellulose agree with Equation [5] and, further, suggest that cellulose may be the fiber fraction that contributes most to CH4 output in lactating cows fed mixed forage-concentrate diets. The negative coefficient for dietary ADF is difficult to explain, considering its positive, simple correlation (r = .66) with CH4 production; perhaps nonforage ADF is digested differently from forage ADF, is not digested, or does not contribute to CH4 production.
We attempted to combine dry cow data sets and lactating cow data sets for multiple regression analyses, as was done by Moe and Tyrrell (9) . However, that approach was abandoned because the sign of regression coefficients for some predictors differed from that of individual data set regressions.
There is risk in attempting to examine cause and effect relationships using regression equations. Ideally, all independent variables should not be correlated with each other, but this seldom occurs, as can be seen by the large number of correlations between independent variables in these studies. Nevertheless, seven regression equations to predict the percentage of GE partitioned to CH4 are presented. Predictors explained 35 to 64% of the variation in CH4:GE for dry cow balances (n = 134) and 50 to 72% for lactating cow balances (n = 358). Overall (Table 7) , either BW was not correlated significantly with C& output, or correlation was positive and low. In lactating cows, correlation with C& always was negative for milk yield, positive for fat test, and nonsignificant for milk protein percentage. Except in Table 4 , correlation was not significant for CH4 versus DMI. Concentrate content of the diet of lactating cows generally was correlated negatively (r = -.60 to -.70) with CH4, suggesting that it was not a major precursor of CH4; GE of concentrates and GE of forages, the denominator in C&:GE term, generally were similar, so changes in CH4:GE may be interpreted as changes in CH4 among diet types. Except in dry cows, contents of ADF or NDF or forage ADF or NDF in dietary DM were correlated positively (r = .38 to .71) with partition of GE to CH4, and digestibilities of CP and fat were correlated negatively (r = -.35 to -.41 and -.29 to -.41, respectively) with CH4. However, digestibilities of ADF, NDF, or both were related positively (r = .40 to .60) to C b output. In one comparison, hemicellulose digestibility (Table l) , but not NDS or cellulose digestibilities, was correlated positively (r = .44) with CH4 production. In lactating cows (Table 6 ), hemicellulose digestibility was correlated positively (r = .21) with CH4 output but was removed from the model. Based on these findings, it is tempting to speculate that digestible hemicellulose of forage is more related to (or a precursor of) C& than other fiber components based on Equation
[lb] with dry cows, but that forage cellulose serves that function in lactating cows fed concentrates along with their forage. Discussion of indirect evidence that hemicellulose apparently contributed more than cellulose to CH4 formation in forage-fed dry cows (e.g., Equation [lbl but that cellulose may have been the primary contributor to CH4 in lactating cows fed concentrates along with forages (e.g., Equations [5] and [6] ) is not irreconcilable; it is well established that at higher DMI of lactating cows (14 to 20 kg/d) compared with that of dry cows (10 kg/d), rate of passage (not measured) of feed residue from the rumen is faster and thus permits less digestion of slowdigesting hemicellulose.
CONCLUSIONS
We were successful in developing equations to predict CH&E ratio in dry cows fed forage diets (Equation [lb] and in lactating cows fed forages and concentrates with (Equation [ 5 ] ) or without (Equation [6] ) supplemental fat, which accounted for about two-thirds or more of the variation in the dependent variable.
